We have investigated the redistribution of B during the crystallization of an amorphous Si layer homogeneously doped with P. The redistribution of B only occurs for concentrations lower than 2 × 10 20 at cm −3 . Crystallization leads to a non "Fickian" redistribution, allowing an abrupt interface between the regions doped and undoped with B. Once the crystallization is ended, B diffuses through the layer in the type B regime with a coefficient which is in agreement with the literature data for diffusion in polycrystalline Si. Although the P distribution is homogeneous in the entire layer, for a temperature as high as 755 °C, P diffuses towards the region the most concentrated in B. The B and P interactions are interpreted as chemical interactions.
Introduction
The redistribution of dopants in silicon-based structures is of crucial importance for the fabrication of microelectronic devices. Doped polycrystalline silicon is used for the fabrication of gates in transistors and memories. In the microelectronic industry, these layers are usually produced in two steps: an amorphous Si film is first deposited by chemical vapor deposition on SiO 2 and then crystallized during a heat treatment. In order to control the doping of such layers, it is thus important to understand the diffusion behavior of dopants in amorphous and polycrystalline Si. Furthermore, the actual microelectronic technology requires the ability to create ultra-shallow junctions with a depth about tens of nanometers. A promising technique consisting of implanting the dopants in amorphized Si before re-crystallization has been found to provide interesting sheet resistances and junction depths [1] . In order to create pn-junctions in polycrystalline Si (poly-Si) using this technique, the study of the redistribution of the two dopants (p-and n-type) before, during, and after Si crystallization is then of major importance. Phosphorus (P) atoms (n-type dopant) and boron (B) atoms (p-type dopant) are commonly used to create pn-junctions in the microelectronic Si technology. In this article, we present a preliminary investigation of the redistribution of B and P during the crystallization of an amorphous Si nanolayer. The B redistribution is found to occur only for concentrations lower than 2 × 10 20 at cm −3 . The redistribution mechanisms before the complete crystallization of the Si layer lead to a concentration profile which cannot result from simple "Fickian" diffusion. Once the Si layer is entirely polycrystalline, B diffuses in the type B regime, with a coefficient which is in agreement with the literature. At low temperatures P is immobile, but at a temperature as high as 755 °C, it is found to diffuse towards the region the most concentrated in B.
Experimental
The sample was made from a Si(001) wafer where a 12 nm thick SiO 2 layer was thermally grown on the surface before the deposition of a 100 nm thick amorphous Si (a-Si) layer by low pressure chemical vapor deposition (LPCVD) at 530 °C. This last layer was homogeneously doped with P atoms in situ, thanks to the simultaneous injection of phosphine and silane gases in the growth chamber. The obtained phosphorus doping level was ~ 7 × 10 19 at cm −3 . After the LPCVD growth, the sample was implanted with B + ions with an energy of 7 keV. The total dose of B atoms implanted was ~ 3.5 × 10 15 at cm −2 . The sample was then cut in several pieces. One piece was kept as a reference and the others were annealed at different temperatures (585 ≤ T ≤ 800 °C) for different times (~ 1 to 50 hours). The thermal treatments were performed in a furnace under vacuum with a pressure during annealing of about ~ 10 −6 Torr. The furnace temperature was measured in situ using a thermocouple located at ~ 0.5 millimeters from the samples. Transmission electron microscopy, X-ray diffraction and atomic force microscopy measurements showed that after annealing the Si layer initially deposited by LPCVD was polycrystalline in all the samples. The average lateral size of the Si grains was found to be about 40 nm. Secondary ion mass spectroscopy (SIMS) was used in order to measure the B and the P concentration profiles versus the depth in the samples. The B profiles were measured under vacuum using a primary ion beam of O 2 + ions with an energy of 3 keV and an incident angle of 45°. The P profiles were measured with the same primary ion beam but under oxygen ambient (oxygen leak) and an incident angle of 25.2°.
Results and Discussion
Boron Diffusion. Figure 1 presents the SIMS profile of B measured after implantation (a-Si) as well as other B concentration profiles measured after different thermal treatments following the implantation (poly-Si). After annealing at 585 °C for 1 h, the B composition profile has already significantly changed compared to the as-implanted profile. While the B composition is found quasi-unchanged by the thermal treatment for a depth lower than ~ 55 nm, a shoulder has appeared for a depth between ~ 55 and 75 nm. One can note that the slope of the profile after the shoulder is steeper than the slope of the end of the as-implanted profile (on its right side). This type of redistribution does not correspond to a "Fickian" behavior, considering the as-implanted profile as the initial distribution, only a diffusion model with a coefficient of diffusion varying with time (or concentration) could reproduce the experimental profile obtained after annealing at 585 °C for 1 h. However, it is important to consider that in our case the dopant redistribution during annealing is not driven only by a simple diffusion process. Indeed, several steps can be discerned during annealing. First, before the crystallization starts, the dopants can diffuse in amorphous Si. Then after the nucleation and during the Si grain growth, the atoms diffuse in an inhomogeneous matrix which is made of growing Si grains, decreasing amorphous regions and rising grain boundaries. Finally at the end of the crystallization, the dopants are diffusing in a poly-Si matrix. Only few works have been focused so far on dopant diffusion in a-Si [2] [3] [4] and in poly-Si [5] [6] . While the Arrhenius behavior of the B diffusion coefficient is not explicitly known in a-Si, it has already been
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Diffusion and Stresses studied in poly-Si. According to [6] (B diffusion coefficient measured using SIMS for temperatures between 800 and 900 °C) the diffusion length ( Dt ) of B for annealing at 585 °C during 1 h should be about ~ 6 nm. This is significantly lower than the actual distance the B atoms have covered in our experiments, as the width of the shoulder on the SIMS profile is about 20 nm. This confirms that the displacement of B is neither principally due to grain boundary diffusion nor due to in-grain diffusion. This means that either the diffusion of B is higher in a-Si or that another phenomenon than diffusion occurs during the heat treatment. The SIMS profile shows that B atoms have moved only for a composition lower than ~ 2 × 10 20 at cm −3 . It is interesting to remark that this doping level is higher than the usually expected solubility limit (S L ) of B (~ 2 × 10 18 at cm −3 at 700 °C [7] ) in crystalline Si (c-Si), but corresponds to the B solubility limit experimentally observed in Si after re-crystallization [8] . Assuming that the solubility limit of B is lower in c-Si than in a-Si (it has been shown that B is still mobile in a-Si for concentrations as high as 2 × 10 20 at cm −3 [4] ), one has to consider that at the interface c-Si / a-Si the dopant can be rejected from the grain to the amorphous regions (partition phenomenon) without involving diffusion. If we compare the profile measured after annealing at 585 °C for 1 h with the one measured after annealing at 650 °C for 7 h 30 min, we can notice that for a depth lower than ~ 75 nm the two profiles are almost superimposed. The shoulder noticed in the profile at 585 °C is unchanged in the profile at 650 °C. B atoms have further diffused at 650 °C, but only for compositions lower than 2 × 10 20 at cm −3 (the solubility limit). As the sample is already totally crystallized after annealing for 1 h at 585 °C, the diffusion observed in the profile at 650 °C mainly occurs once the Si layer is polycrystalline. The same observations can be made by comparing the profile measured after annealing at 650 °C for 7 h 30 min and the profiles obtained after annealing at higher temperature or for a longer time. This means that the profile observed after the annealing at 585 °C for 1 h results mainly from the crystallization step, the diffusion in poly-Si being negligible. The shape of this profile can be due to both the diffusion in a-Si and/or the partition phenomenon. After the crystallization, B atoms diffuse in a poly-Si layer until they reach a uniform concentration (a plateau on the right side of the profile) which is close to the solubility limit of B in re-crystallized c-Si (Fig. 1) .
In order to support our interpretation, the coefficient of diffusion of B at 650 °C in our poly-Si layer has been extracted and compared to the literature data. Numeric simulations were performed using the profile measured after annealing at 650 °C for 7 h 30 min as initial distribution, and the profile measured after heating at 650 °C for 50 h 20 min as final distribution. It should be stressed that the end of the SIMS profile (on the right side) does not correspond exactly to the real shape of the B distribution, as during SIMS measurements some B atoms are pushed deeper in the bulk because of the incident ion beam bombardment [9] . This effect is a well known SIMS artifact that can lead to some error (that is difficult to estimate) in the extracted diffusion coefficient.
The simulations show that the final diffusion profile cannot be fitted using a single effective coefficient of diffusion in the model. Thus, the B diffusion in the poly-Si layer is neither of type A nor of type C at 650 °C [10] . In consequence, the model of Fisher [11] has been used in order to simulate a diffusion of type B. The diffusion has been simulated by finite elements considering atom fluxes in the two directions: along the depth (diffusion in the grain and in the grain boundary) and along the direction normal to the depth direction (diffusion between the grain and the boundary). The grain size and the width of the boundary were taken to be equal to 40 and 0.5 nm, respectively. No segregation was taken into account between the grain and the boundary. The solubility limit in c-Si was chosen to be equal to 2 × 10 20 at cm −3 . Two types of simulations were performed: for the first one, the B clusters formed for concentrations higher than 2 × 10 20 at cm −3 could dissolve during diffusion; for the second one, the B clusters could not be dissolved during the diffusion. The second type of simulation was found to more accurately reproduce the experimental profile. It is important to remark that despite the fact that two coefficients (the diffusion coefficients in the grain and in the boundary, respectively D g and D j ) have to be adjusted in order to simulate only one profile, there is only one set of coefficients (only one solution) that can reproduce the shape of a specific profile. This is due to the fact that D g and D j influence differently the profile shape. Figure 2 presents the two experimental profiles used as initial and final B distribution as well as the best fit of the final profile obtained by simulation. This fit corresponds to D g = 9 × 10 −20 cm 2 s −1 and D j = 5 × 10 −15 cm 2 s −1 . These values for the coefficient of diffusion in the grain and in the grain boundary are in good agreement with the values extrapolated from the data reported in the literature. For example, from the Arrhenius description of the B diffusion coefficient given in [12] (diffusivity measured for 875 ≤ T ≤ 1230 °C) and [13] (diffusivity measured for 810 ≤ T ≤ 1050 °C), D g is found to be equal to 9.8 × 10 −20 cm 2 s −1 and to 5.6 × 10 −19 cm 2 s −1 at 650 °C, respectively. From [6] (diffusivity measured for 800 ≤ T ≤ 900 °C) and [5] (diffusivity measured for 900 ≤ T ≤ 1100 °C), D j is found to be equal to 9 × 10 −16 cm 2 s −1 and to 2.8 × 10 −14 cm 2 s −1 at 650 °C, respectively. The two dimensional B distribution at the end of the simulation corresponding to the profile shown on Fig. 2 is presented on Fig. 3 . The diffusion regime of type B is clearly evidenced. While the in-grain diffusion is significantly lower than the diffusion in the grain boundary, it is enough for the grain to act as a reservoir of B atoms for fast diffusion in the boundary.
Diffusion and Stresses
Phosphorus uphill Diffusion. For annealing temperatures up to 650 °C, the P composition stays the same as after LPCVD deposition. It is quite homogeneous in the entire Si layer. The crystallization of the layer as well as the redistribution of B do not influence the P distribution during annealing. However, for temperatures as high as 755 °C, the P atoms are found to diffuse. As the original P distribution was homogenous, the driving force for the P diffusion is obviously not the usual concentration gradient. Figure 4 presents the normalized SIMS profiles of B and P in the same sample, after annealing at 800 °C for 5 hours. One can see that the P atoms gather where the concentration of B is the highest. Furthermore, the profile of B as well as the profile of P can be divided into the three same zones (I, II and III) corresponding to three different composition levels versus depth, showing the direct relation between P diffusion and B concentration. The interactions between P and B atoms can be of two types. First, B and P are chemically attracted atoms as these two elements are known to form binary compounds [14] . Furthermore, both of them are also forming binary compounds with Si [14] . Secondly, when the dopants are activated in the Si crystal, they are ionized. As B is a p-type dopant and P is a n-type dopant, attractive electrostatic interactions can exist between the two species. Figure 5 presents the concentration profile of P versus depth after implantation as well as after annealing at 755 °C for 4 h and at 800 °C for 5 h. During annealing the P concentration gradually decreases in the zones II and III, while it increases in zone I. The concentration profiles of B after annealing at 755 °C for 4 h and at 800 °C for 5 h are reported in figure 6. Figures 5 and 6 suggest that at high temperature the diffusion of P can occur simultaneously with the diffusion of B. One can note that after annealing at 800 °C for 5 h the B concentration is the same in zone II and is higher in zone III compared to after annealing at 755 °C for 4 h, while the concentration of P is lower in the same zones on the profile measured at 800 °C. Thus two contradictory phenomena are observed: P diffuses to the zone the most concentrated in B (zone I), but at the same time the P composition decreases in the zones II and III even though the concentration of B increases. The principal difference between zone I and the two others is that the B concentration is higher than the solubility limit and that some B clusters are probably present in zone I. Because of the chemical interactions between the three species and the high level of concentration of both B and P atoms, the lack of diffusion of B atoms in zone I could be actually due to the formation of binary or ternary precipitates and/or clusters. Thus it seems plausible that the chemical interactions between B and P atoms occur only in zone I and that no interactions are observed in zones II and III, where the B concentration is lower than the solubility limit. Moreover, dopants are active only if they are located on substitutional sites in the Si crystal. In this case they are also mobile (they can diffuse) and correspond to concentrations lower than the solubility limit. Figs. 1, 2 and 3 show that in zones II and III the concentration of B atoms in the grains is lower than the solubility limit. In consequence, the electrostatic interactions between B and P ionized atoms should be observed in these zones. Furthermore, if B clusters are formed in zone I, then the concentration of active B atoms should be almost the same in the entire zone, and mainly equal to the solubility limit of B in c-Si. After annealing at 800 °C for 5h, the B concentration in zones II and III is also close to the solubility limit ( Figs. 1 and 6) . Thus it is difficult to explain why the ionized P atoms would be attracted by activated B atoms only in zone I. These observations support thus the idea that in our experiments the P diffusion is driven by the formation of a compound or clusters in zone I (chemical interaction between B, P and Si).
Summary
The redistribution of B during the crystallization of a homogeneously P doped a-Si layer has been investigated. B atoms are redistributed only for concentrations lower than 2 × 10 20 at cm −3 . The crystallization process leads to a non "Fickian" redistribution, which may be due to B diffusion in a-Si and/or to a partition mechanism due to the difference of B solubility in a-Si and c-Si. After the entire crystallization of the layer, B atoms diffuse through the layer in the type B regime with a coefficient which is in agreement with the B diffusion coefficient given in the literature for diffusion in poly-Si. Although P is immobile for temperatures up to 650 °C, for temperatures as high as 755 °C, it is found to diffuse towards the region with the highest B concentration, where the main part of B atoms are immobile during annealing. The attraction between B and P atoms is interpreted as being due to chemical interactions (compound formation).
